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SUMMARY 
A quadri lateral  vortex-lat t ice method is b r i e f ly  described for  calcula- 
t ing the potential  flow aerodynamic charac ter is t ics  of h igh- l i f t  configurations. 
I t  incorporates an i t e r a t i v e  scheme fo r  calculat ing the deformation of force- 
f r e s  wakes, including wakes f r cn  side edges. The method i s  applicable t o  mul- 
t i p l e  l i f t i n g  surfaces with part-span f laps  deflected, and can include ground 
e f fec t  and wind-t.mnel interference. Numerical r e su l t s ,  presented for  a  number 
of h igh- l i f t  configurations, demonstrate rapid convergence of the  i t e r a t i v e  
technique. The resu l t s  are i n  good agreement with available experimental data. 
INTRODUCTION 
The calculat ion of aerodynamic charac ter is t ics  fo r  three-dimensional 
configurations with high circulat ion,  e.g., a  wing with f l a p  and ta i lp lane  can 
be misleading unless the t r a i l i n g  vortex wakes are  represented correct ly.  Iq 
f ac t ,  i n i t i a l  applications of a  quadr i la tera l  v o r t e l r l a t t i c e  method with r i g i d  
non-planar wake ( refs .  1 and 2 )  showed tha t  r e su l t s  fo r  a  wing alone were sen- 
s i t i v e  t o  wake location a t  even moderate l i f t  coeff icients .  The high circula-  
t ion  case, therefore, i s  non-linear, and requires a  force-free wake represen- 
ta t ion .  
The problem of calculat ing vortex sheet roll-up has recieved considerable 
a t tent ion  i n  the past ,  (see review by Rossow ( re f .  3 ) ) ,  but has been concerned 
mainly with the two-dimensional case. More recent work has included three-di- 
mensional factors .  Butter and Hancock ( ref .  4 )  and a l so  Hackett and Evans 
( r e f .  5) included the influence of a  bound vortex, and Belotserkovskii ( r e f .  6) 
incorporated a wake roll-up procedure with a vortex-lat t ice method. Mook and 
Maddox (ref .  7 )  developed a vortex-lat t ice method with leading-edge vortex rcll- 
up. The roll-up procedure incorporated i n  the quadr i la tera l  vcrtex method 
( re f .  2 )  d i f f e r s  s l igh t ly  from the above methods, and i s  described here before 
discussing the h igh- l i f t  applications. 
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SYMBOLS 
a incidence, i n  degrees 
S area 
c chord 
- 
c reference chord 
A aspect r a t i o  
11 spanwise pos i t ion  normalised by wing semispan 
C~ l i f t  coef f ic ien t  
c~ pi tching moment coe f f i c i en t  (about the mid chord) 
C~ induced drag coef f ic ien t  i 
k induced drag fac tor ,  = ?TA C /CL 2 
Di 
Subscripts:  
W wing 
T t a i l p l ane  o r  wind tunnel 
ca l c  calculated 
exP experimental 
METHOD DESCRIPTION 
The method, which incorporates an i t e r a t i v e  procedure f o r  wake shape, i s  
based on vor tex- la t t ice  theory (e.g. ,  r e f .  8), but  the  l a t t i c e  i s  formed i n t o  
quadr i la te ra l  vor t ices  ( f i g .  1) instead of horse-shoe vor t ices .  The quadri la-  
t e r a l  form is equivalent t o  a  piecewise constant  doublet d i c t r i bu t ion  and each 
vortex "panel" is self-contained. This makes i t  e a s i e r  t o  apply t o  cambered 
slirfaces. Another advantage is  t h a t  only the quadr i l a t e r a l s  adjacent  t o  t r a i l -  
ing edges (and t o  s ide  edges when edge separat ion is included) have t r a i l i n g  
vor t ices ,  and s o  they a r e  the  only panels whose influence coe f f i c i en t s  vary i n  
the i t e r a t i o n s  i o r  wake shape. The complete matrix of influence coe f f i c i en t s  
would be a f fec ted  fo r  the horse-shoe vortex model. 
For the  wake model, each t r a i l i n g  vortex is divided i n t o  s t r a i g h t  seg- 
ments ( f ig .  1 1 ,  the  number and length of which can be varied from vortex t o  
vortex t o  a.llow more deta i led  repreeentatiorr i n  roll-up regions. The segmented 
pa r t  of each vortex ends i n  a semi-infinite vortex i n  the free-stream direct ion.  
In the  i t e r a t i v e  wake procedure, each t r a i l i n g  vortex segment is made approxi- 
mately force-free bv aligning it with the  local  mean veloci ty vector. The 
segment midpoint is the most appropriate posi t ion t o  apply t h i s  condition, yet  
most methods use the  upstream end of the  segment (following r e f .  6 ) .  Th? pre- 
sent  method calculates the mean velocity a t  55% of the  segment 1e;lgth (extra- 
polated from the  previous segment) a f t e r  examining a roll-up calculat ion 
( re f .  2 )  fo r  a pa i r  of equal s trength,  segmented vort ices.  Compared with the 
upstream end point,  the  55% point gives f a s t e r  convergence, and the  r e s u l t s  
arc! l e s s  sens i t ive  t o  segment length, ( f ig .  2 ) .  
Small Rankine vortex cores a r e  placed cn the vor t ices  t o  avoid large 
veloci t ies  being calculated near the vort ices;  nevertheless, when calculat ing 
the velocity vectors fo r  the  wake relaxation, the  l o c a l  vortex contribution is 
excluded. To obtain the  f i r s t  vortex strength solut ion,  the  t r a i l i n g  vor t ices  
a re  assumed semi-infinite i n  the free-stream direct ion.  A new vortex strength 
solut ion is obtained a f t e r  each wake relaxation is  completed. 
RESULTS AND DISCUSSION 
Wing-f lap-tai lplane 
The wing-flap-tailplane configuration is a typica l  problem facing the  
aerodynamicist when calculat ing the  behavior of an a i r c r a f t  during landing and 
take-of f . h e  present method enables the  f ree-air and the ground-ef f ec t  re- 
gimes t o  be evaluated. An i l l u s t r a t i v e  calculat ion was performed fo r  the par t  
span f l a p  configuration shown i n  figure 3 ( a ) .  The geometric charac ter is t ics  
are presented i n  table  1. 
Figure 3(a)  shows the  calculated vortex t r a j e c t o r i e s  i n  f r ee  a i r  a f t e r  
the fourth i t e ra t ion .  The vortex roll-up region from the  f l a p  edge passes 
close t o  the ta i lp lane  t i p  (outboard and below) and has c l ea r ly  influenced the  
ta i lp lane  t i p  vortex t ra jec tory  (compare vortex (15) with vortex (10) from the 
wing t i p ,  especial ly i n  the  s ide  view). The plan view shows wing inboard t r a i l -  
ing vort ices passing d i rec t ly  below the  centers o'f t a i lp lane  quadr i la tera ls .  
I f  these vort ices had been close t o  the  ta i lp lane  surface,  then the  r e su l t s  
would have diverged. In Its present form the  method is not applicable t o  close 
approach problems unless the vortex trajec,ories  a re  constrained t o  a l ign  with 
the local  surface l a t t i c e .  However, the close approach problem has been inves- 
t iga ted ,  and a technique developed t o  overcome i t  ( refs .  9 and 10) but,  so  f a r ,  
t h i s  has not been incorporated i n  the  r a i n  program. 
The e f fec t  of i t e r a t i o n  on the t ra jec tory  of vortex ( 7 )  from the f l a p  
edge region i s  giver. separately i n  figure 3 ( b ) .  This vortex moved the  most i n  3 1 
the group; nevertheless, the figure shows l i t t l e  change between t h e  t h i rd  and 
"i 
fourth i t e ra t ions .  Sections through the calculated wakes i n  f r ee  a i r  and i n  1 
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ground e f f e c t  a r e  shown i n  f i g u r e  3 ( c ) .  Compared wi th  t h e  f r e e - a i r  p o s i t i o n s ,  
t h e  vortices move outwards i n  ground e f f e c t ,  and a r e  d e f l e c t e d  upwards. Th is  
movement w i l l  i n f luence  t h e  ground-effect  cond i t ions  a t  t h e  t a i l p l a n e .  
Figure  4 shows t h e  changes i n  wing and t a i l p l a n e  c a l c u l a t e d  l i f t  and 'n- 
duced drag wi th  i t e r a t i o n  i n  f r e e - a i r  condi t ions .  The wing l i f t  i s  e s s e n t i a l l y  
converged by t h e  second i t e r a t i o n  and t h e  induced drag f a c t o r ,  k ,  by t h e  t h i r d .  
The t a i l p l a r ~ e  l i f t  and induced drag ( i n  t h e  presence o f  t h e  wing) a r e  e s s e n t i -  
a l l y  converged by t h e  second i t e r a t i o n  a f t e r  a r e l a t i v e l y  b i g  jump from t h e  
streamwise-wake value .  
Table I1 g ives  t h e  c a l c u l a t e d  va lues  of l i f t  and induced drag f o r  f r e e  air 
and f o r  ground-effect  cond i t ions ,  and inc ludes  va lues  f o r  wing and t a i l p l a n e  
alone.  These r e s u l t s  i q l y  ( f o r  t h e  combined configurdiicxi) an  average down- 
wash angle  a t  t h e  t a i l p l a n e  o f  about 1 0 . F  i n  f r e e  a i r  and 1.7O i n  ground e f -  
f e c t .  The method, however, t a k e s  i n t o  account v a r i a t i o n s  i n  downwash - and 
sidewash - across  t h e  span and chord o f  t h e  t a i l p l a n e .  The presence of t h e  
t a i l p l a n e  causes  smal l  changes i n  t h e  wing c h a r a c t e r i s t i c s .  In f r e e  a i r  t h e r e  
is  a small  decrease  i n  wing l i f t  ( % 0 . 8 % )  and a small inc rease  i n  induced drag 
f a c t o r  (from 1.100 t o  1 .108) ,  which r e s u l t  from a smal l  downwash induced by t h e  
negat ive  c i r c u l a t i o n  on t h e  t a i l p l a n e .  I n  ground e f f e c t ,  however, t h e  t a i l p h e  
- which now has  p s i t i v e  l i f t  - causes  a smal l  i n c r e a s e  i;' wing l i f t  and a de- 
c rease  i n  its induced drag f a c t o r  (from 0.613 t o  0.581).  Although t h e  t a i lp lane  
alone r e s u l t s  show t h e  expected inc rease  i n  l i f t  wi th  ground e f f e c t ,  the  wing- 
f l a p  alone r e s u l t  shows a decrease .  This  apparent anomaly is i n  accordance 
with r e s u l t s  found e a r l i e r  i n  re fe rence  11; with  inc reas ing  camber and/or i n -  
cidence,  t h e  i n i t i a l  inc rease  i n  wing l i f t  i n  ground e f f e c t  decreases  and even- 
t u a l l y  goes negat ive .  Th is  f e a t u r e  i s  made more apparent  i n  t h e  spanwise d i s -  
t r i b u t i o n .  
The c s l c u l a t e d  spanwise load  d i s t r i b u t i o n ,  C c / l ,  and c e n t e r  o f  p ressure  L 
locus  f o r  t h e  wing a r e  shown i n  f i g u r e s  5 ( a )  and 5 ( b )  fox both  f r e e - a i r  and 
ground-effect  cond i t ions .  In jround e f f e c t  ( a t  t h e  same incidence a s  i n  f r e e -  
a i r )  the re  is  a r e l a t i v e  % i n  l i f t  i n  t h e  f lapped reg ion  - e v i d e n t l y  over  
t h e  f l a p  i t s e l f  because t h e  cen te r  o f  p ressure  moves forward t h e r e  - while  out-  
board t h e r e  is a small  inc rease  i n  l i f t  and a rearward s h i f t  i n  c e n t e r  o f  pres-  
s u r e  ( i . e . ,  t h e  normally accepted in f luences  of ground e f f e c t ) .  The n e t  r e s u l t ,  
a s  a l ready seen i n  t a b l e  11, i s  a decrease  i n  o v e r a l l  l i f t .  Evidently, camber 
has  a s t r o n g  in f luence  . , I  t h e  grr>und i n t e r f e r e n c e  e f f e c t  which must be t aken  
i n t o  account when p r e d i c t i n g  aerodynamic c h a r a c t e r i s t i c s  near  t h e  ground 
( r e f .  11). 
A s  would be expected,  t h e  induced drag is concentra ted over  the  f l apped  
region i n  f r e e  a i r  ( f i g .  5(c) 1 ,  and i n  f a c t  an induced t h r u s t  is c a l c u l a t e d  
over t h e  unflapped region - a p l a u s i b l e  consequence o f  concen t ra t ing  t h e  load 
over t h e  inboard p a r t  of a swept wing. I n  ground e f f e c t ,  t h e  expected reduc- 
t i o n  i n  induced drag occurs  mainly inboard o f  t h e  f l a p  edge region ( i . e . ,  i n  
t h e  upwash reqion from the  f l a p  edge t r a i l i n g  vor tex  image). 
Wing-Flap i n  Wind Tunnel 
S t anda rd  c o r r e c t i o n  methods f o r  wind-tunnel  i n t e r f e r e n c e  a r e  l a r g e l y  
based  on image t e c h n i q u e s ,  and assume t h e  wing wake t o  be  u n d e f l e c t e d .  When 
t e s t i n g  h i g h - l i f t  c o n f i g u r a t i o n s ,  t h e  t r a i l i n g  wake moves c o n s i d e r a b l y  from t h e  
b a s i c  wing p l a n e ,  s o  u n l e s s  t h e  model i s  ve ry  s m a l l  r e l a t i v e  t o  t h e  t u n n e l  ( w i t b  
p o s s i b l e  Reynolds Number problems) , t h e  r e a l  f low v i o l a t e s  t h e  a s sumpt io r ;~  .
The p r e s e n t  method c a l c u l a t e s  t h e  wake shape  i n  t h e  k r? sence  of t h e  model and 
t h e  t u n n e l  walls - t h e  l a t t e r  a l s o  be ing  r e p r e s e n t e d  by a d i s t r i b u t i o n  ?f quad- 
r i l a t e r a l  v o r t i c e s .  A c a l c u l a t i o n  of t h i s  form would b e  p a r t i c u l a r l y  u s e f u l  
. f o r  w i n g - t a i l p l a n e  c o n f i g u x a t i o n s ,  b u t  s u i f l c i e n t  e l emen t s  were n o t  a v a i l a b l e  
f o r  a  f a i r  a p p l i c a t i o n  t o  such  a problem a t  t h i s  t i m e  ( i .e. ,  t o  c o v e r  wing, 
t a i l p l a n e  and wind t u n n e l ) .  The r e s u l t s  from a h i g h - l i f t  wing-f lap  c a l c u l a t i o n ,  
t h e r e f o r e ,  a r e  g i v e n  h e r e .  The g e n e r a l  arrangement i s  shown i n  f i g u r e  6 ,  and 
the geometry is  d e f i n e d  i n  t a b l e  111. L i f t  v a l u e s  were a v a i l a b l e  from unpubl i -  
shed  wind-tunnel  measurements on a blown-flap model. 
F igu re  7 shows t h e  c a l c u l a t e d  v o r t e x  t r a j e c t o r i e s  f o r  a = 5' i n  t h e  wird 
tunne l .  The l i f t  c o e f f i c i e n t  is  2.14, and a co r re spond ing ly  h i g h  r a t e  o f  vor-  
t e x  r o l l - u p  i s  i n d i c a t e d .  The t i p  v c r t e x  - which was a l lowed t o  s e p a r a t e  from 
t h e  f l a p  h inge  l i n e  t o  be more r e p r e s e n t a t i v e  o f  t h e  real  f low c o n d i t i o n s  - 
moves s z e a d i l y  inboa rd  a s  more v o r t i c i t y  i s  " e n t r a i n e d " .  The v o r t i c e s  j u s t  in-  
board  o f  t h e  t i p  have l a r g e  "cu rva tu re"  a t  t h e  s t a r t ,  and i d e a l l y ,  shou ld  have 
had smaller segments t h e r e .  A s e c t i o n  th rough  t h e  c a l c u l a t e d  wake ( f i g .  7 )  is 
compared w i t h  t h a t  f o r  f r ee - s t r eam c o n d i t i o n s  a t  approximate ly  t h e  same l i f t  
c o e f f i c i e n t .  Th i s  r e q u i r e d  a f r e e - a i l  i n c i d e n c e  o f  lo0  compared w i t h  5O i n  t h e  
t u n n e l .  I n  t h e  t u n n e l ,  t h e  ro l l - t i -  reg ion  i s  squashed i n  a v e r t i c a l  s e n s e  and ,  
on t h e  whole,  t h e  v o r t e x  p o s i t i o n s  l i e  ou tboa rd  r e l a t i v e  t o  t h e i r  p o s i t i o n s  i n  
f r e e  a i r .  I n  t h e  tunnel. ,  t h e  v o r t i c e s  o v e r  t h e  i n b o a r d  r e g i o n  l i e  above t h e  
f r e e - a i r  p o s i t i o n  - a r e s u l t  o f  t h e  r d u c e d  downwash i n  t h e  t u n n e l .  
F i g u r e  8(a)  shows t h e  CL c h a r a c t e r i s t i c s  c a l c u l a t e d  i n  t h e  t u n n e l  and 
i n  f r e e  a i r .  The s t a n d a r d  i n c i d e n c e  c o r r e c t i o n  ( i . e . ,  Acr = kL SW/ST, w i t h  
6 = 0.101 h e r e )  a p p l i e d  t o  t h e  i n - t u n n e l  v a l u e s  f a l l s  short o f  t h e  f r e e - a . r  # 
r e s u l t  by t h e  o r d e r  o f  35%. A l r ?  shown are some v a l u e s  r e p r e s e n t i n g  t h e  exper i -  t 
menta l  wind t u n n e l  measure1~2nts  w i t h  n e t r  c r i t i c a l  blowing o v e r  t h e  t r a i l i n g -  
edge f l a p .  These measurements were o r i g i n a l l y  f o r  a wing-body c o n f i g u r a t i o n ,  
and have been modif ied  t o  g r o s s  wing c o n d i t i o n s .  I n  view o f  t h i s ,  tht>y a r e  in-  
c luded h e r e  0 . 1 1 ~  t o  i n d i c a t e  t h a t  t h e  ca l cu laLed  in - tunne l  CL - cl v a l u e s  a x e  
p l a u s i b l e .  The m o d i f i c a t i o n  f o r  CL a p p l i e d  t o  t h e  measured n e t  wjng CL 
was o f  t h e  form: g r o s s  
The t h e o r e t i c a l  f a c c o r  was o b t a i n e d  a f t e r  a p p l y i n g  t h e  method f i r s t  t o  
t h e  g r o s s  wing, and then  t o  t h e  n e t  wing i n  t h e  p r e s e n c e  o f  a r e p r e s e n t a t i v e  
body. The f a c t o r  was found t o  be  a f m c t i o n  o f  i n c i d e n c e ,  and v a r i e d  from 
1.145 a t  a = 0" t o  1.10 a t  a = lo0. 
The ca lcu la ted  induced drag f a c t o r  c h a r a c t e r i s t i c s  a r e  shown i n  f i g u r e  
8 ( b ) ,  and show a dependence on C i n  both  f r e e - a i r  and in- lunnel  cond i t ions  - I 
t h e  form of t h e  dependence is nok. shown s i n c e  only  two p o i n t s  ware c a l c u l a t e d  
f o r  each condi t ion.  The s tandard  c o r r e c t i o n  f o r  drag (AC = CLxAcc) added t o  
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t h e  ca lcu la ted  in- tunnel  induced drag gave k va lues  which f e l l  s h o r t  of t h e  
f r e e - a i r  ca lcu la t ions ;  t h e  d i f f e r e n c e  i n  t h e  increment i n  k - 
var ied  from i ~ %  a t  C = 1.98 t o  18% a t  CL = 2.14. 
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Small Aspect Rat io  Wing 
For an extreme t e s t  case  f o r  t h e  wake ro l l -up  c a l c u l a t i ~ n ,  a s l e n d e r  
rec tangu la r  wing of aspec t  r a t i o  0.25 was considered a t  20° incidence.  Cal- 
c u l a t i o n s  were performed using an  8 x 6 vor tex  a r r a y  and two i t e r a t i o n s  f o r  
two conf igurat ions:  
( a )  f l a t  p l a t e  
(b) bent  p l a t e  (20° de f lec t i c r?  about t h e  mid chord) 
Flow v i s u a l i z a t i o n  s t u d i e s  and wind-tunnel fo rce  and moment measurements have 
been c a r r i e d  o u t  on these  m n f  i g u r a t i o n s  by Wickens ( r e f .  i2 1 . The r e a l  flow 
f o r  these  cases  is  dominated by t h e  t ip-edge v o r t i c i t y ,  and s u r f a c  viscous  
e f f e c t s  a r e  r r ' a t l v e l y  small;  a  comparison betb en  t h e  p o t e n t i a l  flow ca lcu la -  
t i o r  and ,?xperimcnt is  the re fore  p r a c t i c a b l e .  
The s i d e  view and p lan  view of  t h e  c a l c u l a t e d  vor tex  t r a j e c t o r i e s  from 
t h e  f l a t  arid bent  p 1 a t . e ~  a r e  p resen ted  i n  f i g u r e s  9 ( a )  and 9 ( b ) ,  r e s p e c t i v e l y .  
Included i n  t h e  s i d e  views a r e  t h e  approximate p o s i t i o n s  o f  t h e  v o r t e x  cores  
from flow v i s u a l i z a t i o n  ( r e f .  12)  and t h e  c a l c u l a t e d  c e n t r o i d  o f  v o r t i c i t y  
locus.  I n  t h e  f l a t  p l a t e  case ,  t h e s e  l i n e s  a r e  i n  e x c e l l e c t  agreement, and 
i n  f a c t  a r e  i n c l i n e d  a t  approximztely a / 2  t o  t h e  s u r f a c e  - i . e . ,  t h e  t h e o r e t i c a l  
angle  f o r  vanishingly  smal l  a s p e c t  r a t i o .  I n  t h e  b e n t  p l a t e  case ,  two vor tex  
cores  appear i n  t h e  experiment, one from t h e  leading-edge t i p  and t h e  o t h e r  
from the  bend l i n e  t i p  - i . e . ,  from t h e  two peak v o r t i c i t y  reg ions .  When c a l -  
c u l a t i n g  t h e  c e n t r o i d  o f  v o r t i c i t y  locus  f o r  t h i s  case ,  t h e  edge v o r t i c e s  were 
divided i n t o  two groups, t h e  leading-edge vortex s t a r t i n g  t h e  f i r s t  group, and 
the  hinge-line vor tex  t h e  second. me c a l c u l a t e d  c e n t r o i d  l o c i  i n i t i a l l y  have 
f a i r  agreement with t h e  observed vor tex  cores ,  b u t  l a t e r  t end  t o  d iverge ,  ind i -  
c a t i n g  . slower r a t e  o f  ro l l -up  i n  t h e  c a l c u l a t i o n .  Another i t e r a t i o n  might 
have helped here ,  but che p o x i m i t y  o f  t h e  end of t h e  segment-represented reg ion  
( t h e  e x t e n t  o f  which was l i m i t e d  by t h e  number o f  segments a v a i l a b l e  i n  t h e  
program) must have inf luenced t h e  shape near  t h e  downstream end. 
Although t h e  p r i n c i p a l  o b j e c t i v e  h e r e  w a s  t o  observe t h e  behavior  of the 
vor tex  ro l l -up  c a l c u l a t i o n  under extreme condi t ions ,  it is  i n t e r e s t i n g  t o  s e e  
( f i g .  10) t h a t  t h e  c a l c u l a t e d  l i f t ,  drag and p i t c h i n g  manent a r e  i n  reasonable  
agreement wi th  t h e  experimental  measurements from r e f e r e n c e  12;  t h e  f l a t  p l a t e  
r e s u l t s  a r e  p a r t i c u l a r l y  good, whi le  t h e  i n d i c a t i o n s  a r e  t h a t  t h e  b e n t  p l a t e  
c a l c u l a t i o n s  a r e  no t  f u l l y  converged. I n  t h e  l a t t e r  case ,  t h e  changes i n  t h e  
c h a r a c t e r i s t i c s  from t h e  i n i t i l l  (streamwise) wake va lues  t o  those  from t h e  
second i t e r a t i o n  a r e  p a r t l  c~! ld r ly  l a r g e  ( see  t a b l e  IV) . 
Tip-Edge Separat ion 
E a r l i e r  a p p l i c a t i o n s  (unpub-ished) of che method t o  wings a t  l a r g e  i n c i -  
0 dence (8 t o  16 gave poor c o r r e l a t i o n  wi th  experimental  spanwise h a d  d i s t r i -  
bu t ions  and wake deformation. The d i f f e r e n c e s  were a t t r i b u t a b l e  t o  t h e  presence, 
i n  t h e  experiment, o f  t ip-edge v o r t i c e s  of t h e  type c a l c u l a t e d  on t h t  smal l  
a s p e c t  r a t i o  w;.ng. These e f f e c t s  a r e  demonstrated here  f o r  a r e c t a n g u l a r  wing 
o f  a s p e c t  r a t i o  5.33 and a t  12O incidence.  The vor tex  l a t t i c e  is shown i n  
f i g u r e  11, and includes  t ip-edge v o r t i c e s .  The c a l c u l a t e d  vor tex  t r a j e c t o r i e s  
a r e  shown a f t e r  two i t e r a t i o n s .  Figure  1 2 ( a )  shows t h e  spanwise load  d i s t r i -  
bu t ion  wi th  and wi thout  t h e  t ip-edge v o r t i c e s  p resen t .  The edse s e p a r a t i o n  
g ives  a h igher  loading l e v e l  towards t h e  t i p  and a l o c a l  bulge  near  t h e  t i p  
when using a l a r g e  number o f  spanwise i n t e r v a l s .  The bulge ,  c o n s i s t e n t l y  ca l -  
c u l a t e d  us ing l a t t i c e s  wi th  1 5  and 25 spanwise i n t e r v a l s ,  is a l s o  apparent  i n  
t h e  experimental  load d i s t r i b u t i o n  from reference 13. (The lower l i f t  l e v e l  i n  
t h e  experiment is caused by an inboard s e p a r a t i o n  r e s u l t i n g  from t h e  i n t e r a c t i o n  
5etveen t h e  winq and wal l  boundary l a y e r . )  The c a l c u l a t e d  l i f t  c o e f f i c i e n t  
i n c i 2 a s e s  from 0.85 t o  0.93 wi th  t h e  t ip-edge v o r t i c e s .  
The c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  e x t r a  loading near  t h e  t i p  is  c a r r i e d  
on t h e  r e a r  of t h e  wing; t h e  c e n t e r  of p ressure  locus,  ( f i g .  1 2  (b)) , shows a 
rrwked rearward movement near  t h e  t l p  wi th  t h e  t ip-edge v o r t i c e s  compared wi th  
t h e  usual  forward movement c a l c u l a t e d  wi th  t h e  " l i n e a r "  method. The locus  is  
c o n s i s t e n t l y  c a l c u l a t e d  us ing 8, 15 and 25 spanwise i n t e r v a l s .  
These edge e f f e c t s ,  which a r e  p r e s e n t  a l s o  a t  f l a p  edges,  e t c . ,  have mark- 
ed impl ica t i -ns  f o r  c a l c u l a t i o n s  a t  high l i f t ,  a f f e c t i n g  boundary l a y e r  deve- 
lopment, t i p  . d r t e x  formation and t r a i l i n g  vor tex  s h e e t  shape. However, f u r t h e r  
eva lua t ion  of t h e s e  e f f e c t s  (such a s  d e t a i l e d  s u r f a c e  p ressure  d i s t r i b u t i ~ a s )  
would r e q u i r e  t h e  previously  mentioned problem o f  c l o s e  i n t e r f e r e n c e  between 
d i s c r e t i z e d  vor tex  s h e e t s  t o  be removed. For such a p p l i c a t i o n s ,  t h e  method 
would need extending t o  inc lude  a n e a r - f i e l d  technique such a s  t h a t  developed 
i n  re fe rences  9 and 10. 
CONCLUDING REMARKS 
l h e  q u a d r i l a t e r a l  vor t -x  l a t t i c e  method wi th  t h e  i t e r a t i v e  wake re laxa-  
t i o n  procedure has  been app l ied  t o  a number of conf igura t ions  wi th  high c i rcu-  
l a t i o n .  The i t e r a t i v e  procedure shows r a p i d  convergence, and t h e  c a l c u l a t i o n s  
are i n  good agreement wi th  a v a i l a b l e  experimental  r e s u l t s .  Tip-edge separa- 
t i o n  effects have been shown t o  be important a s p e c t s  o f  h i g h - l i f t  c a l c u l a t i o n s .  f 
More d e t a i l e d  t h e o r e t i c a l  e v a l u a t i o n  o f  t h e s e  e f f e c t s ,  e.g., i n  terms o f  sur- 
f a c e  p ressure  d i s t r i b u t i o n s ,  would r e q u i r e  ex tens ions  o f  t h e  method t o  incor- 
p o r a t e  r e c e n t l y  developed n e a r - f i e l d  techniques.  Such an ex tens ion  would also 
allow a t h e r  c l o s e  i n t e r f e r e n c e  e f f e c t s  t o  be s tud ied .  
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TABLE I. GEOMETRIC CHARACTERISTICS FOR THE 
WING-FLAP-TAILPLANE CONFIGURATIONS 
General  : 
. . .  . . . . . . . . . . . . . . . . . . .  Incidence : lo0 
Ground h e i g h t  (normalized by wing mear chord c) . . . .  0.5 
Wing: 
Aspect ratio . . . . . . . . . . . . . . . . . . . . .  4 
Sweep back . . . . . . . . . . . . . . . . . . . . . .  45O 
Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . .  1 
Flap  chord/; . . . . . . . . . . . . . . . . . . . . .  0.25 
Flap  span/semispan . . . . . . . . . . . . . . . . . .  O+0.48 
Flap  de f lec t ion :  normal to hinge l i n e  . . . . . . . . .  36O 
. . . . .  i n  v e r t i c a l  streamwise p l a n e  27O 
Vortex q u a d r i l a t e r a l  a r r a y :  a c r o s s  chord . . . . . . .  3 
a c r o s s  semispan . . . . .  7 
Tai lp lane:  
. . . . . . . . . . . . . . . . . . . . .  A s p e c t r a t i o  2 
Sweep back . . . . . . . . . . . . . . . . . . . . . .  45O 
Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . .  1 
. . . . . . . . . . . . . . . . . . . .  Span,/,.v i n s  span 0.4 
(Distance a f t  from wing)/: . . . . . . . . . . . . .  2 
(Distance above wing plane)  /: . . . . . . . . . . . .  0.2 
. . . . . . . . . . . . . . . . .  Angle t o  wing p lane  o0 
Vortex q u a d r i l a t e r a l  a r ray :  a c r o s s  chord . . . . . . .  3 
ac ross  semispan . . . . .  4 
TABLE 11. CALCULATED WING-FLAP-TAILPLANE LIFT AND INDUCED DRAG 
CHARACTERISTICS I N  FREE AIR AND IN  GROUND EFFECT 
(SECOND ITERATION) 
Wing-Flap T a i l p l a n e  
(based on w i n g  a r e a )  
Conf  i y u r a t i o n  
Free -  air 
Ground- 
E f f e c t  
together 
a l o n e  
together 
a l o n e  
TABLE 111. BASIC CHARACTERISTICS FOR THE WIS-FLAP 
I N  WIND4'UNNEL CONFIGURATION 
Theoret ical  Model 
Wing : 
. . . . . . . . . . . . . . . . . . . . . . . .  AspectRat io  2.9 
Leading edge sweepback . . . . . . . . . . . . . . . . . . .  31° 
Trailing-edge f l a p  : 
Span/wingspan . . . . . . . . . . . . . . . . . . . . .  1.0 
Chord/wingchord . . . . . . . . . . . . . . . . . . . .  0.31 
Deflection (normal t o  hinge l i n e )  . . . . . . . . . . . .  40° 
Hinge - l ine sweepback . . . . . . . . . . . . . . . . . . .  17O 
Vortex quadr i l a t e r a l  a r r ay  (chordwise x spanwise) . . . . . .  3 x 10 
Wind Tunnel: 
. . . . . . . . . . . . . . . . . . .  Wing span/tunnel width 0.56 
Wing ai-ea/tunnel c ross  sec t ion  a rea  (sW/ST) . . . . . . . . .  0.256 
Tunnel1length'/wing mean chord . . . . . . . . . . . . . . .  6 
Vortex quadr i l a t e r a l  a r ray  (lengthwise x circumferential)  . . 11 x l u  
Reynolds Number (based on wing mean chord) 1.2 x 10 6 . . . . . . . . . . .  
Gross Wing : 
Basic d e t a i l s  a r e  t h e  same a s  f o r  t h e o r e t i c a l  model, 
bu t  i n  addition: 
Leading edge f lap :  I 
Fu l l  n e t  span i 
. . . . . . . . . . . . . . . . . . . .  Chord/wing c h o r d .  0.15 
Deflection. . . . . . . . . . . . . . . . . . . . . . . .  40' 
Hinge-line sweepback . . . .  . . . . . . . . . . . . .  28O 
Trailing-edge f l a p  blowing momentum coe f f i c i en t  
0 
. . . . . . . . . . . . . . . . .  ( c r i t i c a l  value a t a  = 8 ) 0.018 
Body : + 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  Width 0.18, 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  Depth 0.36 * 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  Length 1.834,+ 
. . . . . . . . . . . . . . .  Length of fo re  and a f t  f a i r i n g s  0.357, 
. . . . . . . . . . .  Wing pos i t ion  (above body center  l i n e ) .  0.096 
Section - rectangular  witn rounded corners 
+ 
* Note: normalised by gross wing semispan (each) 
TABLE I V .  CALCULATE11 CHARACTERISTICS FOR SLENDER RECTANGULAR 
WINGS (ASPECT RATIO = 0.25) 
Configurat ion Wake 
F i r s t  I t e r a t i o n  
Second I t e r a t i o n  
F l a t  P l a t e  
I a = zoo I F i r s t  Tteration 1 1.0934 0.6174 0.078 I 
Streamwise 
Bent P l a t e  Streamwise 
0.7489 0.2633 0.1069 
1.9508 1.5405 -0. C56 
Bend = 20° Second I t e r a t i o n  
/ 
T R A I L I N G  VORTEX SEGMENTS 
( F a  t impl ic i t r  only two per 
vortex o n  i lam; 
SEMI- INFINITE VORTICES 
F i g u r e  1.- Q u a d r i l a t e r a l  v o r t e x  model. 
C I R C U L A T I O N  
O ( RADIANS ) 
0.4b ' , , , -1 
0 1 2 3 4  
SEGMENT L E N G T H  L 
F i g u r e  2.- Cal .culated r o l l - u p  of a  p a i r  of 
segmented vo i-ces. 
SIDE VlEW 
I- @- - - ---- 
I
(a)  Conf igurat ion and genera l  views a f t e r  four  i t e r a t i o n s .  
EFFECT OF ITERATION ON VORTEX 7 
5lDE VlEW 
ITERATION 
NUMBERS 
\ 
/ 
EFFECT OF ITERATION ON VORTEX 7 
PLAt4 VIEW 
(b)  E f f e c t  of i t e r a t i o n  an vor tex  (7) t r a j e c t o r y .  
Figure  3 . -  Calcula ted  vor tex  t r a j e c t o r i e s  f o r  a  wing-flap- 
t a i l p l a d e  con£ i g u r a t  ion  i n  f r e e  a i r .  
FLAP EDGE 
I IN GROUND EFFECT 
I (a- lo0) \ 
4 \ 
IN FREE AIR ( a  10.) 
SEE FIGURE 3 (a) FOR 
POSITIObJ OF SECTION 
( c )  S e c t i o n s  through t h e  c a l c u l a t e d  wakes i n  
f r e e  a i r  and i n  ground e f f e c t .  
F i g u r e  3 . -  Concluded. 
n on, 
W l N G  LIFT COEFFICIENT 
W l N G  INDUCED DRAG FACTOR 
V 
SEE FSGURE 3(a) 
FOR CONFIGURATION 
TAILPLANE LlFf COEFFICIENT (BASED ON W I N G  AREA) 
TAILPLANE INDUCED DRAG COEFFICIENT 
( BASED ON W l N G  AREA ) 
FREE STREAMWISE 1 2 
WAKE ITEUATION 
Figure 4.- Effect of iteration on the calculated lift and induced 
drag of the wing-flap-tailpiece configuration in free air. 
SEE FIGURE 3(a) 
FOR CONFIGURATION 
1.0 - 
L= 
-
t 
0.5 - 
(a) Spanwise loading. 
--- - - STREAMWISE WAKE FRCt 
-0- ITERATIONS 1 TO 4 
' - 0 -  ITERATION 2, IN GROUND EFFECT 
(b) Center of pressure locus. 
Figure 5.- Calculated aerodynamic characteristics for the wing 
and inboard flap in the wing-flap-tailplene configuration 
in free air and in ground effect. 
SEE FIGURE 3 (0) 
FOR CONFIGURATION 
--- STREAMWISE WAKE 
4 IT ERATICINS 1 T 0 4 I IN FREE A l l  
-0- ITERATION 2, IN GROUND EFFECT 
(c) Induced drag distribution. 
Figure 5.- Concluded. 
. . . . .  
\ 
WI-ININIT€ TRAILING 
VORlICEI FROM IUNWL 
Figure 6 . -  Wing f lap i n  wind tunnel - 
general arrangement of the theoretical  
model. 
EtO OF 
'NNNR' ,, 
FLAP HINGE LINE 
A h  l 
PLAN VIW *A 
Figurt 7.- Calculated vortex trajectories 
i n  wind tunnel. 
STANDARD CORRECT1 ON 
1.5 
EXPERIMENTAL 
VALUES - CORRECTED 
TO GROSS W I N G  
(SEE TEXT) IN FREE AIR 
0 5 10 15 INCIDENCE a0 
(a) Lift coefficient. 
I N  FREE AIR , 
SEE FIGURE 7 
FOR GENERAL ARRANGEMENT 
1.2 \ 
*--- 
- - 
'- 
1 .1 .  - m z -  *.-• STANDARD CORRECTION 
k a C D  - C L x  ~a 
~ a k  = T X A R ~ ~ ~ S W  - 
I 
IN WIND TUNNEL 
(b)  Induced drag factor. 
Figure 8.- Calculated aerodynamic characteristics of the wing-flap 
configuration in free air and in wind tunnel. 
1L.E. SIDE VIEW T.E. 
I 
I 
- VORTEX LINES 
- - - - - - -  CALCULATED LOCUS OF VORTlCllY CENTROID 
-- VORTEX CORES FROM SMOKE VISUALIZATION ( ref. 12 ) 
(a )  F l a t  p l a t e .  
i ,.*-- e-.- ,- -  / .,.-. - - - - - -  
L. E. 
20' BEND 
f = .  -_ 
I 
PLAN VlEW 
(b)  P l a t e  w i t h  20' mid chord  bend. 
F i g u r e  9.- C a l c u l a t e d  v o r t e x  t r a j e c t o r i e s  f o r  a s p e c t  
r a t i o  0.25 wings a t  20' i nc idence .  
FLAT U T E  
&&SIC F I W  W tfFEWC€ 12 
4.4 
,\a FLAT PUTf
-10 0 lo 
DUG CO€fFICI€HT. 
Figure 10.- Calculated aerodynamic characteristics 
for the small aspect ratio wings compared with 
experimental measurenents. 
Figure 11.- Calculated vortex trajectories for 
an aspect ratio 5.33 rectangular wing at 
12O incidence after two iterations. 
WAKE 
\ 
SYMBOL I y2LtX 1 ITAATION 
(a) Lift distribution. 
VORTICES 
LA- 
O.? 0.4 0.6 0.8 1 .O 
SPAWISE LOCATION 
(b) Center of pressure locus. 
Figure 12.- Calculated aerodynamic characteristics 
for the rectangular wing with and without tip 
edge vortices. 
